The effect of heat treatment on rotational hysteresis ( WR-H ) characteristics has been observed for samples of red sandstone, haematites and clay minerals. On heating the sandstones up to 930°C in air a steady rise in WR levels was observed. This process, which may be due to the production of cr-Fe203. pigment or an annealing effect (which is more probable), has an activation energy of about 0.2 eV/molecule. No magnetite was produced below 950 "C but, after heating to 1200 "C, a loss in cr-Fe,O,, pigment was observed together with a corresponding production of Fe30,. WR -H analysis of heated chamosite showed the production of magnetite at moderate temperatures (-500 "C).
multidomain critical sizes for a-Fe,O, are 0.027 pm and 15 pm, respectively (Banerjee 1971 ) both types of material have the possibility of carrying unstable (and stable) components of NRM, although it may be that the NRM of the pigment was not acquired at the time of rock formation. Collinson (1967) and Park (1970) have used the technique of leaching redbed samples in concentrated acid and monitoring the change in magnetic properties with time of leaching. For some rocks Collinson (1967) found an appreciable fraction of the NRM remaining after the disappearance of red colouration, indicating that specularite was carrying a major part of the NRM. Park (1970) studied the effect of leaching on the stability of laboratory induced remanences and concluded that, in his samples, the magnetic minerals were present as two distinct grain size ranges, the fine pigment being readily disolved in concentrated HCI. He deduced that the coercivity of the pigment was in excess of 3 kOe whereas that of the specularite was of the order of 500 Oe.
By comparing high field susceptibility data with bulk chemical analysis, Collinson (1968) obtained values for the total a-Fe,O, content of a variety of red sandstones. However, as susceptibility is independent of grain size in the range of interest, this method does not allow separation of the contributions due to pigment and specularite. Brooks & O'Reilly (1970) found a correlation between the colour and the magnetic rotational hysteresis loss characteristics of some sandstone samples. This is considered to be due to the variation of both colour and magnetocrystalline anisotropy with grain size in haematite. Comparison of the loss curves of the sandstones with these of a commercial a-Fe,O, pigment and a specularite sample from an ore body enabled an estimate of the pigment and specularite content of the rock samples to be made.
( i i ) EfSect of heating on red beds
Because of the high coercive force of NRM in redbeds, thermal demagnetization appears to be the most successful method for removing secondary components of magnetization. The effect of heat treatment on sandstones has been studied by Stephenson (1967) , Schwarz (1969 Schwarz ( , 1971 and Dunlop (1972) . All three authors report the production of magnetite, Fe30, on heating, although whether this is produced by reduction of haematite or by the decomposition of other (non-magnetic) minerals is not resolved. Dunlop (1972) has also reported the effect of magnetic ' hardening ' of sandstones and pigments after heating for 2-3 h in air at temperatures in the range 500 "C-1OOO "C.
( i i i ) Purpose of present work
The technique of measurement of rotational hysteresis ( W, -H ) characteristics provides a non-destructive technique for studying the magnetic mineral content of rocks. The purpose of the present work is first to study the changes in magnetic mineral content of red sandstones during heating by monitoring rotational hysteresis characteristics. Complementary studies on the effect of heat treatment on potentially magnetic clay minerals and haematite are also necessary. The variation of W,-H curves as a function of leaching in acid should confirm the bimodal occurrence of haematite in red sandstones.
The red sandstones samples used in this work have been studied by Collinson & Runcorn (1960) and Collinson (1968) (who kindly made them available). The second purpose is thus to compare the total a-Fe,O, content as determined from the W,-H curves with that obtained by Collinson (1968) . This should give information about the similarity or otherwise of the pigments and specularites used in the W,-H analysis to those occurring naturally in the sandstones.
Experimental (i) Rotational hysteresis
Rotational hysteresis was measured at room temperature and between 0 and 20 kOe using the torque magnetometer of Fletcher el al. (1 969).
Rotational hysteresis is defined as the work done due to irreversible processes as a sample of magnetic material is rotated from 0" to 360" in a fixed magnetic field. A review of the relevant theory is given by Day, O'Reilly & Banerjee (1970) and Manson (1971) at a field of about 2 kOe and, for fine grained pigment, W, losses bigger by a factor of ten occurring at fields also greater by a factor of ten (see also Figs 4 and 5 in the present paper). This effect they interpreted as due to the dominance of the dipolar contribution to the total anisotropy of cc-Fe203 (Artman, Murphy & Foner 1965) .
( i i ) Red sandstones
The rotational hysteresis curves of some powdered red sandstone samples numbered K7, K8 and K15 from the Chinle formation, Utah, are shown in Figs 1 , 2 and 3. Each sample was heated in air for 4 h at, successively, 327 "C, 529 "C, 727 "C, 928 "C and 1200 "C, the W,-H curves being measured after each heat treatment. The evolution of W, characteristics was generally the same for all samples with a steady and systematic rise in W, levels for temperatures up to 929 "C, W , at 20 kOe increasing to about 160 per cent of the values for the virgin sample. After heating to 1200 "C there is a fall in W, at 20 kOe accompanied by the appearance of a peak at about 400Oe. In the limited number of samples studied, the magnitude of the loss in W, at 20 kOe correlated with the gain at 400 Oe. (erg g -' ) as a function of applied field H (kOe) for a red sandstone sample (K7) of the Chinle formation, Utah. Curves 1-6 show the evolution of the WR-H characteristics as a function of heat treatment in air, the W R -H curves being measured at room temperature. Curve 1: no treatment; curves 2-6: 4 h at 327 "C, 529 "C, 727 "C, 928 "C, 1200 "C. A portion of each sample was also leached in concentrated hydrochloric acid. Generally the W,, value at 20 kOe had fallen to about 30 per cent of the untreated value after If h whereas the value at (say) 2 kOe had fallen to about 80 per cent of the untreated value. The pigment is therefore much more quickly attacked as expected.
( i i i ) Haemat ites
A number of commercial cr-Fe,O, pigment samples (Columbian Carbon Company) were available, together with two samples of specularite from Brazilian ore bodies. The particle sizes of the pigments were all of the order of I pm but the The spheroidal sample (MR347) has a similar shape but is generally ' softer ' with lower levels of W,. The WR-H curve between 0-20kOe of the acicular sample (MR516M) is characteristic of a 'hard' material, i.e. similar to the curves of the ' softer ' samples between, say 0 and 2 kOe, and would give a peak at fields much higher than 20 kOe. For H > 1 kOe, W, is proportional to A power law of W , cc H 3 (Kornetski & Lucas 1955) has been suggested for multidomain particles. In the monodomain samples described here the power law is simply reflecting the spread of anisotropies. The general ' hardening ' of the pigment W, -H characteristics in the sequence spheroidal -, cubical -, acicular in which the specific surface is continually increasing is consistent with the model in which dipolar anisotropy is dominant (Artman et a / . 1965; Besser, Morrish & Searle 1967).
The Brazil F specularite (44-76 pm) W R -H curve showed a peak at 1.8 kOe of magnitude 65 erg g-' with a residual value of 26 erg g-' at 20 kOe (Fig. 5) . However a second specularite sample (Brazil A, in five sieve fractions between 44 and 1204 pm) behaved quite differently giving a curve very like that of the spheroidal pigment both in shape and magnitude, indicating that the crystallite size must be much less than the particle size. This was confirmed by measurement of the Morin transition temperature which is grain-size dependent (Bando e l al. 1965). The value for Brazil F (-23 "C) is characteristic of bulk haematite whereas that of Brazil A (-67 "C) indicates micron size or below. Thus, although both samples A and F are visually ' specularite ', A must be a conglomerate of smaller grains and is probably not representative of the specularite contained in sandstones. The haematite samples were also annealed for prolonged periods at moderate temperatures where chemical change would be unlikely. After 48 h at 400°C the Brazil F sample showed a general increase in WR levels of 10-20 per cent. The Brazil A ' specularite ' also showed an increase in WR levels in most cases although in a few samples a decrease in W, was observed after 24 h at 260 "C.
(iv) Clay niinerals
Four potentially magnetic clay miaerals were studied. Thernio-magnetic analysis in air showed that chamosite and siderite were chemically unstable and produced magnetite when heated up to about 350" C (chamosite) and 500" C (siderite). Biotite and chlorite, which were relatively stable up to 700°C' showcd a much lower WR response (-2 erg g-' at 20 kOe-less than the sandstones previously studied) but chamosite (Fig. 6) and siderite gave values of about 200 erg g-'--of the same order as the pigments. Collinson (1968) has reported the difference between the measured susceptibility of the chamosite sample and that calculated from chemical analysls assuming Fe3+ and Fez+ to be in the paramagnetic form. The method of Callinson (1968) would indicate a haematite content in the chamosite of about 16 per cent. Although the general shapes of the curves are not similar, 30 per cent of pigment such as MR110-2 could account for the W, value at 20kOe. As the grain size reduction from -50 pm to -1 pm, for more or less equidimensional grains, brings about an increase of about a factor of 10 in WR levels, a further reduction giving a W, response of about twice the value of WR at 20 kOe for MR110-2 is conceivable and would give agreement with the susceptibility data. Thus to explain the WR-N curve of the charnosite a pigment with the general shape of, for example, the acicular pigment MR516M and a WR value at 20kOe of about 1200ergg-' is necessary. No Morin transition was observed for the chamosite sample above about 80°K
indicating that a large part of the assumed haernatite content is less than -400 A (Bando et al. 1965) . The charnosite was given the same heat treatments in air as the sandstones. The evolution of W,-H characteristics is shown in Fig. 6 . The form of the curve remains unchanged after heating to 327 "C but the level of W, is reduced by about 30 per cent.
As expected, heating for 4 hr at 530 "C results in the production of magnetite, indicated by the W, peak at 400 Oe. Heating to 727 "C reduces the magnetite peak considerably and further heating at 928" C and 1200 "C produces a growing response in the midfield region, possibly due to sintering or annealing of the u-Fe2O3. The final curve may be interpreted as being due to 3 per cent of magnetite and about 60 per cent of pigment of the MR110-2 type.
Discussion

( i ) Pigmentlspecularite ratio in the sandstone samples
The contribution of pigment aiid specularite to the W, -H curve of the sandstones may be calculated using the method of Brooks & O'Reilly (1970) . The use of this method to determine the specularite and pigment content of a sandstone is made possible because of the variation of W,-H curves of cc-Fe,03 with grain size. However, in the absence of standard curves obtained from the pigment and specularite contained in a given rock sample or formation, this very variability gives rise to the problem of which of the synthetic pigments to use in the analysis. The choice must be governed by: (a) the general shapes of the pigment W, -N curves, e.g. MR347 and MR110-2 have the same general shape as the sandstone W,-H curves, (b) the total a-Fe,O, content, pigment plus specularite, must be in reasonable agreement with the values obtained by Collinson (1 968) for these samples. In fact the curves for the sandstones could be synthesized very well from the curves of natural specularite (Brazil F) and synthetic pigment (MR110-2). For example, for K7 the mean percentage difference between the observed and calculated values of WR at the field values 1.8,4.0, 7.0, 14.0 and 20 kOe was found to be 5 per cent for a combination of 0.53 per cent specularite and 0.92 per cent pigment giving a total a-Fe203 content of 1.45 per cent. This is in moderately good agreement with Collinson's value of 1.1 I per cent. The specularite, pigment and total a-Fez03 content for K8 is 0.31 per cent, 1 *02 per cent, 1.33 per cent, respectively and for K15,0.29 per cent, 1.05 per cent, 1.34 per cent. Thus the pigment content is approximately constant and specularite decreasing in the sequence K7 --+ K8 --+ K15. This group of rocks is magnetically unstable, (Collinson & Runcorn 1960) with NRM directions streaked along a great circle between the present geomagnetic field direction and the palaeomagnetic direction. The sequence of increasing instability is K15 -+ K8 -+ K7, that is with increasing specularite content. One possible explanation is, therefore, that multidomain specularite has acquired a secondary magnetization in the present geomagnetic field, although a positive conclusion is not possible on the basis of so few measurements.
The values for total a-Fe,O, content are all higher than Collinson's values (1.08 and 0.88 per cent for K8 and K 15) and it may be that MR 1 10-2 is much coarser than the pigment present in these rocks. If the WR levels of MRl lO-2 were doubled to give a hypothetical pigment (and this is possible, bearing in mind the high WR levels of the tl-Fez03 contaminant of the chamosite) then better agreement for the total tl-Fez03 content is obtained (1.1, 0.82 and 0.8 per cent for K7, K8, K15). In view of the uncertainty about the precise nature of the pigment occurring in sandstones the method does not give accurate values of total a-Fe,O, content, but may be used to test the role played by pigment and specularite in the variation of magnetic properties within a given formation. and Besser et al. (1967) . This model may also be adapted to explain the ' hardening ' which may result from annealing as observed by Dunlop (1972) and in the present study. The total anisotropy constant may be written
where Ks,i, is the contribution to the total anisotropy arising from single ion effects, Km.d. that arising from dipole-dipole interactions and K,,, from uniaxial strain. At room temperature Km,d. is greater than Ks.i., has the opposite sign and the spins lie in the basal plane. The angular dependent part of the free energy resulting from uniaxial strain is given by
where tl is the angle between the stress 0 and the direction of magnetization and As is the magnetostriction constant. The observed effect may be explained by postulating that the strain axis is related in a simple way to the crystallographic directions and is systematically combined with the sense of 0, i.e. a tension or compression, with the result that for the majority of crystallites, K,,, = 1$,l ,al is opposite in sign to Km,d. and has the same sign as Ks,i,. Thus progressive annealing and relaxation of strains will reduce K,,, and bring about an enhancement of K T O T .
(b) Sandstones. The evolution on heat treatment of the W R -H curves for the sandstones has two main characteristics: (i) the gradual increase in WR levels without significant change in the general shape of the WR -H curve for temperatures up to 928 "C; (ii) the fall in WR in high fields and the related appearance of a new peak at about 400 Oe, after heat treatment at 1200" C.
The first characteristic may be explained on the basis of either the production of haematite from some source, or by the competing anisotropy model above. If the effect is not a chemical one but due to annealing, then, after annealing for a time t and temperature T, T , = K m . d . -K s . i . -K s t r ( f ,  putting K,,,(t) = K,,, exp (-t/z) , i.e. assuming a first order process, and same for all three samples giving Q = 0.2 eV/mole. The deviation of high temperature points from the straight line may be because the assumption that t(4h) Q t is no longer valid. The activation energy of 0.2 eV for the growth of WR describes either the process by which strains are removed or the mechanism by which secondary haematite pigment is produced. However this value is lower than those obtained by Lowrie & Fuller (1968) for annealing of internal stresses in nickel (> 1 eV), and also than those obtained by Stephenson (1967) for the susceptibility increase in Old Red Sandstones after heat treatment (1-6 eV). The second characteristic, the fall in WR at 20 kOe accompanied by the rise at 400Oe may be explained by the production of magnetite from haematite. In the present sandstone samples there is no evidence for the production of magnetite from clay minerals such as chamosite, although they are a potential source of magnetite on heating to moderate temperatures. Both Stephenson (1967) and Dunlop (1972) observed effects attributable to magnetite after heating to temperatures < 700 "C and this is certainly the temperature range in which chamosite, for example, would be a source of magnetite. The magnetite generated at the higher temperatures ( N 1200 "C) is formed without question by reduction of haematite.
Conclusions
The measurement of rotational hysteresis (W,-H ) provides a useful nondestructive technique by which to study the type and quantities of magnetic minerals in rock samples and to follow the changes taking place during heat treatment. In the present study it has proved useful in determining the pigment, specularite and total cr-Fe,O, content of sandstones. It has been used to study the production of magnetite by the reduction of pigment in sandstones and by the decomposition of clay minerals and also the ' hardening ' of the pigment due to annealing.
The technique may also be applied to those problems which arise from the use of sediments in palaeomagnetic work. Minerals carrying unstable components of magnetization, resulting in a grouping of NRM directions near the present geomagnetic field direction or ' streaking ' along a great circle, may be identified using rotational hysteresis and the best approach for determining the valid NRM direction selected, or indeed the rocks abandoned altogether if the true primary components are expected to be very weak. If the WR-H curves indicate large quantities of magnetite, for example, the rocks may be unsuitable for palaeomagnetic work. If increasing instability seems to correspond to increasing pigment content thermal or alternating field demagnetization may be successful. However, thermal demagnetization may result in chemical changes (which can be monitored using W,) and A.F. demagnetization may induce spurious moments. A better possibility would seem to be low temperature demagnetization by cooling through the Morin temperature in zero field. The valid NRM of the specularite would be removed first (at about -20 "C) and, if the stable fraction of the pigment also carried a valid NRM direction, further cooling would show a continuous migration of the moment towards one end of the ' streak '.
The valid NRM direction could therefore be determined. A sensitive threecomponent remanence-measuring magnetometer operating down to a temperature of 80 O K (the range in which the Morin transition is found for grain sizes down to about 300A) would be ideal for such experiments. The lack of such an instrument presumably accounts for the absence of observations of the Morin transition in sandstones although many must contain specularite. Measurements of susceptibility would probably be unsuccessful in detecting the Morin transition in the presence of other strongly paramagnetic minerals. Recently Creer et al. (1972) using remanence measurements have observed the Morin transition in a lake sediment.
If the instability appears to correspond to increasing specularite content, mild A.F. cleaning followed by cooling may be successful in isolating the stable specularite contribution to the NRM. Streaked but stable NRM directions may be due to tectonic effects or a change in the geomagnetic field direction in the period between the acquisition of primary NRM by the specularite and pigment. Low temperature cleaning may be successful in isolating components due to the two materials.
Alternatively if the variation of relative amounts of pigment and specularite is determined for samples in a suite of rocks showing such characteristics the two components of magnetization may in principle be calculated. Location of the two components on polar wandering curves obtained from other sources may give some measure of the time interval between deposition and pigmentation. The production of magnetite on heating was not a feature of the present sandstone samples and this should facilitate thermal demagnetization. The hardening of the pigment will cause an increase in blocking temperature which will be beneficial if the pigment carries valid NRM.
Finally it may be said that although sediments are proving useful for palaeomagnetic studies the retrieval of the information stored in the magnetic minerals is not straightforward. A combination of established palaeomagnetic techniques, rotational hysteresis and low temperature magnetometry should make some contribution to the solution of this problem.
